Following an epidemic of anthracnose crown rot caused by Colletotrichuin frtntv:riae, the United States Department of Agriculture, Agricultural Research Service (USDA-ARS) initiated a breeding program in 1976 to develop anthracnoseresistant strawberry cultivars adapted to the southeastern USA. A standardized anthracnose screening protocol was developed and used to evaluate over 160,000 progeny from 448 crosses. These crosses were made at the Fruit Laboratory, Beltsville, MD, and the resultant seedlings were screened for anthracnose resistance in the greenhouse at the Small Fruit Research Station, Poplarville, MS. Among the resistant seedlings field-tested in Mississippi, 1515 selections were made based on yield, fruit quality, plant habit, and resistance to leaf scorch, common leaf spot, powdery mildew, and two-spotted spider mites. Four anthracnose-resistant breeding lines and one cultivar have been released from this program, and 96 elite anthracnose-resistant selections are currently maintained. Anthracnose-resistant selections from the USDA-ARS breeding program have been used as parents in breeding programs worldwide. Research conducted at Poplarville while developing the anthracnose resistant lines has resulted in a broad range of accomplishments including the first report in the USA of the anthracnose fruit rot pathogen, C. acutatuni, on strawberry. Differences in the cultural, morphological, and molecular characteristics, the infection processes, and the pathogenicity of the three causal Colletotrichum species have been documented. Studies of the effect of cultural practices on the severity and spread of anthracnose in the field demonstrated that strawberries grown in soils with high nitrogen levels are more susceptible than plants grown in soils with lower nitrogen levels or those amended with calcium nitrate. It was also determined that the use of overhead irrigation and plastic mulch in strawberry fields resulted in more severe anthracnose than when drip irrigation and straw mulch were used. Fungicide efficacy was determined by in vitro, greenhouse, and field studies, and pathogen resistance to some fungicides was detected.
INTRODUCTION
Strawberry anthracnose crown rot is very destructive to strawberry nurseries and fruit production fields in the south-eastern United States. The causal fungus, Colletotric/u,,n fragariae, may infect all aboveground plant parts; however the disease is most severe when the fungus infects the plant crown causing crown rot, wilt and death. Another species, C. acutatum, causes a severe fruit rot, as well as plant and root infections. When anthracnose became a major disease of strawberries in the USA in the early 1980s, a breeding program to develop anthracnose-resistant cultivars adapted to the strawberrygrowing areas in the south-eastern USA was instituted by the USDA, ARS at the Small Fruit Research Station, Poplarville, Mississippi, and the Fruit Laboratory, Beltsville, Maryland (Galletta et al., 1997) . State experiment stations in Florida, Louisiana. and North Carolina collaborated in this project. In the process of developing and running a screening program for anthracnose resistance, a series of basic and applied investigations Of strawberry anthracnose was conducted. The purpose of this paper is to summarize the results of these investigations.
MATERIALS AND METHODS
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1976 to 1995, over 160,000 progeny from 448 crosses made at Beltsville MD, primarily by G.J. Galletta, were screened for anthracnose resistance in the green house at the Small Fruit Research Station, Poplarville, MS. Initially the parent lines were eastern cultivars and elite selections from the breeding programs at Beltsville. MD, Louisiana. Florida, and North Carolina. As the program progressed, resistant selections from the anthracnose program were crossed with commercial cultivars to impros e the horticultural characteristics of the progeny. Seed generated from the crosses made at Beltsville were shipped to Poplarville where the seeds were germinated and transplanted to Jiffy-7 Peat Pellets (Jiffy Products of America, Batavia, IL) at the one true-leaf stage. After at least 14 wk growth, the seedlings were inoculated with a conidial suspension of C. fragariae, incubated in a dew chamber for 48 hours, and rated for anthracnosc severity after 30 days in a warm greenhouse. Resistant seedlings were evaluated in the field in Florida, Louisiana. Mississippi, and North Carolina, and selections were made at each location based on yield, fruit quality, plant habit, and resistance to leaf scorch, Common leaf spot, powdery mildew, and two-spotted spider mites.
RESULTS
Fifteen hundred and fifteen anthracnose-resistant selections were made from the seedlings field-tested in Mississippi. These selections were designated as MSUS to denote that they were selected from field tests in Mississippi and are from the USDA breeding program. Four of these anthracnose-resistant strawberry clones (US70. US]59, US-292, and US438) were released as breeding lines (Galletta et al., 1993) and have been used as the source of anthracnosc resistance in several breeding programs. Smith et al. (1998) released the cultivar Pelican, which is highly resistant to both anthracnose crown rot caused by C. fragariac, and anthracnose fruit rot caused by C. acutalum. Pelican' is also resistant to five races of red stele caused by Phvtophthora fragauiae. Ninety-six elite anthracnose-resistant selections are currently maintained at Poplarville. Even though most commercial strawberry cultivars grown in the eastern USA and California were used as parents in the breeding program, only 13 cultivars are either parents or grandparents of the 96 elite selections still being maintained (Table I) . At least one, and often both parents of most of these selections are a MSUS anthracnosc-rcsistant selection from the breeding program, indicating that the levels of anthracnose resistance are steadily increasing with each generation of crosses. The anthraenose-resistant selections are available to breeders through a cooperative agreement with the USDA-ARS. Evaluation of strawberr y seedlings and advanced breeding lines from state and private breeding programs is an ongoing project at the Small Fruit Research Station.
DISCUSSION
The increase in losses due to anthracnose fruit and crown rots in recent years may be related to the shift from matted row culture to the annual plasticulture production system in the USA. Breeding for genetic resistance to anthracnose and the development of resistant cultivars is a primary means for reducing economic loses caused by this disease, and is environmentally sound because it results in reduced use of fungicides. While developing and conducting the anthracnose breeding/screening program at the USDA-ARS Small Fruit Research Station, a series of investigations resulted in major findings concerning the anthracnose pathogens, the disease cycle, and disease management strategies. These are summarized in this paper.
Development of the Anthracnose Resistance Screening Protocol
In a series of studies at Poplarville, a standardized anthracnose screening protocol was developed. In the initial study. Smith and Spiers (1982) determined that large numbers of strawberry seedlings could be effectively screened in the greenhouse for resistance to C. fragariae by spraying 2-to 3-month-old plants with a conidial suspension of the fungus. Maintenance of high humidity conditions for at least 24 hr immediately after 1i1 pop IMM oculation was necessary for infection and rapid symptom expression. Inoculation methods inVOl\ ing wounding were too drastic, and usually resulted in the death of all seedlings. In further studies, a disease severity scale ol' 0 (no symptoms) to 6 (plant dead) was used to evalua te anthracnose severity of strawberry plants 30 days after inoculation (Smith and Black, 1987) . Resistance to C. fragariae was influenced by environmental conditions after inoculation i.e.. plants incubated at a high temperature (35C) for 48 hr in a dew chamber (relative humidity near 100%) had higher disease severity ratings than comparable plants incubated at 25 or 30°C. and plants maintained in a greenhouse at 32°C after the dew chamber incubation developed more severe symptoms than those maintained at 25°C.
Two-to 4-wk-old strawberry seedlings (age after transplanting at the first true-leaf stage) were more susceptible to C. fragariae than 14-to 18-wk-old seedlings following spray inoculation with a conidial suspension (Smith et al., 1990) . A comparison of inoculation methods determined that spray inoculation with C. fragariae was the best method to determine the overall host reaction i.e. the foliar and crown reaction of large populations of plants. In addition to screening seedlings from the USDA breeding program. the USDA anthracnose resistance screening procedure has been effective in identifying resistant genotypes in seedling progenies from the North Carolina State University breeding program, with over 32,000 resistant strawberry seedlings identified between 1998 and 1999 (Ballington ci al., 2002 .
In a study of the anthracnose resistance of the progeny of 40 strawberry parents. Gupion and Smith ( 199 1 ) determined that the estimates of dominance genetic variance were 6 to 10 times higher than those for additive genetic variance. Frequency distribution of disease severity ratings was bimodal, suggesting major gene action. Narrow-sense heritability estimates were sufficient to expect gains from recurrent selection, while gains from selection of clonal value were predicted because of the high broad sense heritability estimates.
An in vitro screening system was used to evaluate several commercially important cultivars and shoots regenerated from leaf explants of these cultivars, for resistance to C ac/ira/urn (Hammcrschlag ct al.. 2004) . culture-induced somaclones with increased levels of anthracnosc resistance were identified liar all cultivars. The greatest increases in disease resistance were observed for somaclones of 'Chandler', Pelican', and 'Sweet Charlie'. In this study, it was demonstrated that in vitro screening can be used to evaluate strawberry germplasm for anthracnose resistance. somaclonal variation is influenced by strawberry genotype. and generating somaclonal variants may be a feasible approach to obtaining strawberry plants with increased levels of anthracnose resistance.
Anthracnose Pathogens
Co/letotrichurn species incite serious diseases of' many fruit and vegetable crops worldvide three species. C. aculalum, C. fragariae and C. g/oeosporioides, are major pathogens of strawberry (Smith, 1998 a, b. c) . When the USDA-ARS anthracnosebreeding program was initiated, the crown rot pathogen. C. fragariac, was assumed to be the causal agent of strawberry anthracnose in the USA. Smith and Black (1986) were the first to report the presence of C. Lieu/alum on strawberry in the U.S. This fungus had previously been reported causing anthracnose fruit rot of strawberry in Queensland, Australia (Simmonds, 1965) . In a series of studies of' the three major species, Smith and Black (1990) compared the cultural characteristics, conidia, appressoria, and setae of 24 Co//doIric/nirn isolates, and found that C. fragariae isolates produced cylindrical conidia, developed beige to olive to dark grey colonies, and did not form the ascigerous state in culture. C. gloeosporioides isolates were very similar except they formed the Glomerella cingulata aseigerous state, and their conidia usually were rounded on both ends, while C. fragariae Conidia were rounded on one end and tapered on the other end. C. cicutatum isolates produced fusiform conidia tapered on both ends, developed white, pink, orange, rose, or beige colonies, and did not form setae or the ascigerous state in culture. The growth rate of C. Qc l(I(101171 in culture was slower than the oilier two species at 32°C. Generall y. C. /!'aur1cIL' isolates caused more Se eie petiole and erowii SyfliptoillS than the C. ac/dat//ni isolates One strategy for control of strawberry anthracnose is to establish new strawberry fields with anthracnose-free plants. To test the hypothesis that Colletotrichum species may move from host to host, 37 Col/etotrichum isolates representing nine species Collected From 12 hosts, were wound-inoculated onto the leaves and stems of strawberry, blueberry, blackberry, muscadine grape, tomato and pepper (Smith. 2002) . C. fiagariae isolates were the most aggressive and caused lesions at an average of 38% of inoculation sites on all hosts except pepper. The percentage infection for the other species was C. caJcici 25% C. g/oeosporioedes 1 8%, C. acutatum 15%, C. destructivuni 11%, C. truncation 9% C. coccodes 8%. C. higginsianun 6%, and C orbiculare 5%. Strawberry was the most susceptible host with 58% of petiole and 14% of leaf inoculations resulting in lesion deelopmenl. Pepper was the most resistant host with no symptom development on leaves or stems following inoculation with any isolate. The most aggressive of the 16 C. acutatuin isolates originated from tomato and pepper. These results suggest that primary anthracnose infections in strawberry fields are from infected strawberry transplants, anl only rarely from other diseased fruit or vegetable hosts.
Ninety-five isolates of Colletotrichurn, including 81 isolates of C. aculittlini (62 from strawberry) and 14 isolates of C. gloeosporioicles (13 from strawberry) were characterized by various molecular methods and pathogenicity tests (Denoyes-Rothan et al., 2002) . Results based on random amplified polymorphic DNA (RAPD) polymorphism and internal transcribed spacer (ITS) 2 sequence data provided clear genetic evidence of two subgroups in C. acutaturn. The CA-clonal subgroup included only isolates from strawberry, and exhibited identical RAPD patterns and nearly identical ITS2 sequence analysis. The larger genetic CA-variable subgroup included isolates from various hosts, and exhibited variable RAPD patterns and divergent ITS2 sequence analysis. Within the C. acutatuni population isolated from strawberry, the CA-clonal subgroup is prevalent in Europe (54 isolates of 62). Based on these molecular data, the authors proposed that the CA-clonal subgroup contained closely related, highly virulent C. acutatuin isolates that may have developed host specialization to strawberry. The absence of correlation between genetic polymorphism and geographical origin in Co/letotrichuni spp. suggests a worldwide dissemination of isolates, probably through international plant exchanges.
Infection Process
The infection process of strawberry by C. acutatum and C. Ji-agai-iae was studied on petioles and stolons of Chandler' using light and electron microscopy (Curry et al.. 2002) . The invasion of host tissue by both fungal species was similar; however, invasion events occurred more rapidly with C. Ji-agariac than with C. acutatunz. Following cuticUlar penetration via an appressorium, subsequent invasion steps involved hyphal growth within the cuticle and cell walls of epidermal, subepidermal, and subtending cells. Both fungi began invasion with a brief biotrophic phase in which they invaded the intercellular spaces on living cells before entering an extended necrotrophic phase in which they proliferated within dead cells. Acervuli formed once the cortical tissue had been moderately disrupted, and began with the development of a stroma just beneath the outer periclinal epidermal walls. Acervuli erupted through the cuticle and released conidia. Invasion of the vascular tissue typically occurred after acervuli matured, but remained minimal.
Effect of Developmental Stage and Temperature on Flowers and Fruit
In a greenhouse study, open flowers, pink and red fruit were very susceptible to anthracnose infection, while green fruit and closed buds were more resistant following inoculation with C. fragariac and C. acutatum and incubation in the dew chamber at 10, 15. 20 or 25°C for two days at 100% RH . The optimum incubation temperature for infection was 20°C. and little disease occurred following incubation at 10°C. More flowers and fruit were symptomatic seven days after inoculation when inoculated with C. fragariae than when inoculated with C. acutaturn; however, at 14 and 21 days after inoculation there were no differences due to fungal species.
Effect of Cultural Practices on Anthracnose Severity
The effect of calcium solutions applied to greenhouse-grown strawberry plants before harvest on anthracnose infection of ripe fruit was evaluated. Anthracnose fruit rot caused by C. acutatum was less severe on fruit from plants receiving drench or foliarapplicatiofls of calcium sulfate than on fruit from plants receiving water, calcium chloride, or calcium nitrate treatments. Fruit from plants receiving foliar applications of CaCl2 develo ped less fruit rot than that from plants receiving soil applications of CaCl 2 (Smith and Gupton. 1993) .
In greenhouse studies. Smith (1987 Smith ( . 1989 determined that strawberries grown in soils with high levels of nitrogen, especially from ammonium sources, are more susceptible to anthracnosc than plants grown in soils with lower nitrogen levels or those with high levels of calcium nitrate. In a field evaluation, study plots mulched with polyethylene and receiving overhead irrigation, developed more severe anthracnose than those receiving drip irrigation and mulched with straw (Smith and Spiers, 1986) .
Fungicide Studies
Typically, growers must rely on chemical applications and cultural practices to reduce losses due to anthracnose until highly resistant cultivars become available. Pathogen resistance to frequently used fungicides has resulted in the failure of fungicides to control anthracnose epidemics. Laboratory screening of fungicides has been used to identify those fungicides with efficacy against the Co/lerotrichum pathogens. Five fungicides were tested for in vitro activity against strawberry isolates of C. fragariae, C. acutatum, and C. g/oeosporioides collected over a period of 18 years (Smith and Black. 1993) . All 16 C. acutatuin, 14 of 18 C. fragariae, and two of two C. g/oeosporioides isolates tested were resistant to benomyl. All benomyl-resistant isolates also were resistant to carbendazim, which is in the same class of fungicides as benomyl. No resistance was detected to captan, captafol. propiconazole or nuarimol. In another in vitro trial (Smith and Black. 1992 ). 28 fungicides were tested for activity against C. fragariae. Diniconazole, flusilazol, benomyL propiconizole, nuarimol, fenariniol, and hitertanol severely limited mycelial groo th < 0.5 ppm. In a greenhouse study, plants treated with propiconazole had lower disease severity ratings than plants treated with captafol or benomyl (Smith and Black, 1991) . However, the propiconazole-treated plants grew abnormally i.e. plants were shorter with dark green leaves that appeared thicker than the leaves of untreated plants, which was not unexpected, since propiconazole is a sterol biosynthesis inhibitor with plant growth regulator effects on plants.
Field fungicide trials were conducted at Poplarville. MS and Hammond, LA using standard horticulture practices. In the 2002-03 study at Hammond (Constantin et al.. 2003) , ten commercial fungicides were applied: fenhexamid (Arvesta, San Francisco. Fungicide treatments were applied every 7-10 days from full-bloom until one week before harvest ceased. Yield and size data were obtained for both marketable and cull fruits, and diseases were identified and affected fruit counted including berries with grey mold (Ru/ntis cinerea), anthracnosc (C. acutalurn), leather rot (P/n'tophthoi'a cactoruni), stem end rot (Gnomonia comari), and other rots that occurred during the harvest season. Four fungicide treatments resulted in above 60% marketable yield and also had the lowest number of berries with disease symptoms: cyprodinil + fludioxonil, pyraclostrobin 1-boscalid, pyraclostrohin, and fenhexamid + captan. Three of these treatments were combinations of two fungicides. The most prevalent diseases in this study were anthracnose and stem end rot.
